The scientific literature has widely shown that hydraulic modelling is affected by many sources of uncertainty (e.g. model structure, input data, model parameters). However, when hydraulic models are used for engineering purposes (e.g. flood defense design), there is still a tendency to make a deterministic use of them. More specifically, the prediction of flood design profiles is often based on the outcomes of a calibrated hydraulic model. Despite the good results in model calibration, this prediction is affected by significant uncertainty, which is commonly considered by adding a freeboard to the simulated flood profile. A more accurate approach would require an explicit analysis of the sources of uncertainty affecting hydraulic modelling and design flood estimation. This paper proposes an alternative approach, which is based on the use of uncertain flood profiles, where the most significant sources of uncertainty are explicitly analyzed. An application to the Po river reach between Cremona and Borgoforte (Italy) is used to illustrate the proposed framework and compare it to the traditional approach. This paper shows that the deterministic approach underestimates the design flood profile and questions whether the freeboard, often arbitrarily defined, might lead to a false perception of additional safety levels.
INTRODUCTION
In floodplain management, the design of flood defense structures is a critical step, which requires the definition of a certain level of safety. This definition should be the result of a risk-based analysis and is therefore related to the potential flood damages. Different safety levels (usually expressed in terms of return periods) are used in different countries. In the Netherlands, for instance, the design of flood protection structures is based on discharge values corresponding to return periods between 250 and 10,000 years (e.g. Jonkman et al. ). In the United States, the current policy (Commission on Geosciences Environment and Resources ) for flood defense design refers to the 1-in-100 year flood (i.e. the discharge value corresponding to a return period of 100 years).
The traditional procedure to predict water levels corresponding to a specific design flood for a given return period (i.e. design flood profile) is based on the use of hydraulic models (e.g. Bates et al. ) . Many different tools have proven to be very useful to approximate and simulate real-world behavior of a flood wave and flow path distribution along the river and across the floodplain In flood defense design, the conventional approach to cope with the uncertainty is to simply add a certain freeboard to the simulated design flood profile (Commission on Geosciences Environment and Resources ). The definition of these standard freeboards is often arbitrary and seldom justified.
In this context, we proposed a pragmatic methodology to estimate design flood profiles and the associated uncertainty. To this end, an informal approach is used to estimate the uncertainty in hydraulic modelling and flood frequency analysis. The outcomes of this novel approach are compared to the traditional ones, obtained by using a standard freeboard. The discussion of the methodology is facilitated by an application of the proposed framework to a specific test site.
Test site
The test site is a 98 km reach of the Po river, between Cremona and Borgoforte ( Figure 1 ). With its drainage area of about 71,000 km 2 and its 650 km extension, the Po river is the largest and longest river in Italy. The river reach under study is characterized by a stable main channel, around 300 m wide, and a floodplain confined by two continuous levee systems, whose overall width varies from 400 m to 4 km. Moreover, the validation procedure confirmed the absence of local systematic differences (Castellarin et al. ) .
Hydraulic modelling
This study used the 1D code HEC-RAS (US Army Corps of Engineers, Hydrologic Engineering Center ) for Here, the use of steady flow conditions is consistent with the proposed methodology, which is intended to be simple and pragmatic. This assumption was also supported by initial experiments showing that, in order to derive the maximum flood levels, a dynamic model was not needed (see also below). This is due to the fact that flood events affecting this test site are characterized by broad and slowly varying hydrographs. Moreover, steady flow routines are commonly adopted by regulatory agencies for floodplain mapping studies (Di Baldassarre et al. ).
Model calibration
In October  for a discussion of this behavior).
Lastly, it is interesting to note that the performance of the steady flow model (Figures 2 and 3 ) is comparable to the performance of an unsteady model, which was tested in the same river reach using the same calibration data (Di Baldassarre et al. d).
Design flood estimation
As mentioned above, the design of flood protection structures is based on safety levels (i.e. return periods) which depend on the specific case. The main levee system of the Po river reach under study is designed by using the 1-in-200 year flood. Within the GLUE framework (Beven & Binley ), each simulation, i, was associated to a likelihood weight, W i ranging from 0 to 1. The weight W i is expressed as a function of the measure of fit, ε i , of the behavioral models:
where max(ε i ) and min(ε i ) are the maximum and minimum value of the mean absolute error of the behavioral models.
Then, the likelihood weights were rescaled to a cumulative sum of 1 and the weighted 5th, 50th and 95th percentiles, 
where s is the standard deviation of the original sample, having size m, and K T is the frequency factor that, for the EVI distribution, can be expressed as a function of the return period, T, as (Chow et al. ):
Thus, 100 simulations of the best fit model were run with the 100 random discharge values. From the ensemble simulations, the 5th, 50th and 95th percentiles were computed (Figure 4(c) ).
Lastly, the combined uncertainty in the model parameters and inflow data has been assessed. To this end,
we ran a total of 3,000 simulations by feeding all the behavioral models using the 100 discharge values generated using the Kite formula (Equations (2) and (3)). Each simulation was assigned a weight corresponding to its behavioral model (Equation (1) (Figure 4(b) - (d)) is more appropriate than the traditional approach (Figure 4(a) ).
In particular, the traditional approach for the construction of design flood profiles (Figure 4(a) ) is based on the deterministic assumption that the hydraulic model, 
CONCLUSIONS
Traditional methodologies for the design of flood defense structures are based on the application of calibrated (and, in exceptional occasions, also validated) models to produce deterministic flood design profiles. The uncertainty in the hydraulic modelling exercise is then implicitly considered by using a certain freeboard, which is usually arbitrarily defined.
This paper is a first attempt to develop methods and provide example applications for the diffusion of probabilistic approaches for flood defense design, and, more in general, for flood management. In particular, we proposed a simple and pragmatic approach, which is based on the use of uncertain flood profile, where the most significant sources of uncertainty are explicitly considered.
The application example enabled: (1) the illustration of the proposed framework for the derivation of uncertain flood profiles, and (2) the comparison of the proposed methodology to the traditional approach (deterministic flood profile plus freeboard).
This study focused on the uncertainty in hydraulic modelling due to model parameters and design flood estimation.
It was shown that the latter has a strong influence on the overall uncertainty. It was also discussed that standard freeboards should not be viewed as an additional safety, but as a rough estimation of the overall uncertainty. More specifically, for the test site analyzed, this study also showed that the standardly used freeboard seems to underestimate the overall uncertainty.
